This paper presents a negative refractive index tunable metamaterial based on F-Shape structure which is capable of achieving dual-band negative permeability and permittivity, thus dual-band negative refractive index. An electromagnetic simulation was performed and effective media parameters were retrieved. Numerical investigations show clear existence of two frequency bands in which permeability and permittivity both are negative. The two negative refractive index bandwidths are from 23.8 GHz to 24.1 GHz and from 28.3 GHz to 34.9 GHz, respectively. The geometry of the structure is simple so it can easily be fabricated. The proposed structure can be used in multiband and broad band devices, as the band range in second negative refractive index region is 7 GHz, for potential applications instead of using complex geometric structures and easily tuned by varying the separation between the horizontal wires. 
Introduction
The Russian physicist Veselago [1] , in 1968, first theorized the idea of simultaneous negative permittivity and permeability and reveals the extraordinary properties of artificially designed materials which are not found in natural materials. The desired physical properties, such as negative permeability, negative permittivity and negative refractive index, were accomplished with the construction of this class of materials [2] [3] [4] [5] [6] [7] [8] . Smith et al. [4] and Shelby et al. [9] were reported the successful experimental validation of the first metamaterial which exhibits simultaneous negative permittivity and negative permeability by constructing two-dimensional periodic structure unit cells of SRRs with copper strips. Since the first success, a number of negative refractive index materials have been designed and experimental validation were reported, such as S-shaped resonators [10] [11] [12] [13] , Jerusalem cross conductor pairs [14, 15] and cutwire pair (CWP) resonators [16] . The important restriction faced by the researchers is the narrow DNG frequency band. The magnetic resonance frequency bands are usually narrow whereas permittivity bands are wide in range in most of the SRR-based metamterials due to their wire resonance behavior. The complexity in design and fabrication are also the main problems faced by the researchers. In this paper, a novel metamaterial with F-Shape structure is designed and simulated. Geometry of the proposed structure is simple thus it allows controlling the geometric parameters in order to realize the desired metamaterial features of the negative refractive index according to the potential application. The DNG passband obtained by the overlapping the negative permittivity and permeability. The negative refractive index frequency was easily tuned by varying only one parameter, the separation between the horizontal wires. The simple geometry of the proposed unit cell and the tunable character make this structure important for the fabrication and thus for the potential applications in various broad band and multiband devices.
Unit cell structure
The proposed structure consists of F shape which is embedded in a host dielectric substrate. The thickness of host material is 0.25 mm, of which dielectric constant (ε ) is set to 3.8 and the loss tangent factor (tg δ) is 0.0015. The length and width of host material is of 2.0 mm respectively. The structure is made of copper with thickness of 0.017 mm and width of 0.2 mm whereas the length of vertical wire strip is 1.8 mm and horizontal wire strip is 1.6 mm. The gap between the two horizontal wire strips is a. The unit cell is shown in Figure 1 . The sample is illuminated by a plane wave at normal incidence with the electric field parallel to the y-axis (E Y) and the magnetic field parallel to the z-axis (H Z). The resulting propagation direction is along the x-axis (k X).
The proposed structure is L-C resonant type circuit. As the structure interacts with electromagnetic waves, currents are induced in the metal wires which cause charges to build up on the wires, which can be described as a capacitance. Associated with these currents there is a magnetic field and, thus, an inductance. In the presented geometry shown in Figure 1 , the capacitors are formed by the electric fields between horizontal metal wires, and the inductance is fixed by the thickness of the structure. FDTD (finite difference-time domain) simulations were performed to calculate S parameters. Perfect electric conductor (PEC) boundary conditions were assigned for the side walls (X-Y planes) of the unit cell a horizontally polarized electric field. Perfect magnetic conductor (PMC) boundary conditions were employed for the top and bot- tom walls (Z-X planes) for a vertically polarized magnetic field. This corresponds to normal incidence (x) of a TEM plane wave.
Numerical results
S parameter's retrieval method, in literature has been demonstrated to be a valid method [17] [18] [19] [20] [21] [22] . Robust method [21] , which is one of the valid methods, was used to calculate effective parameters of proposed structure in Figure 1 . The frequency band range was set from 1.0 GHz to 40.0 GHz in simulation. The minimum wavelength (when frequency is 40 GHz) is two times larger than the unit cell size. Transmission and reflection parts of simulated S are presented in Figure 2 . Reflection and transmission spectra were used to compute the effective constitutive parameters of the metamaterial. In transmission spectrum two resonances were observed at 24 GHz and 35.5 GHz, respectively, which indicates the presence of dual band negative refractive index. This could be verified by retrieving the constitutive parameters as point to be discussed next.
Simulated results are presented in Figure 3 , indicates that the extracted real part of permeability is simultaneously negative over two frequency bands, which are 23.7 -24.3 GHz and 28.4 -31.7 GHz, respectively. The real part of permittivity is also negative over two broad frequency bands, which are 22.5 -24.8 GHz and 28.2 -40.0 GHz, respectively. The two overlapping permittivity and permeability regions observed in the microwave frequency range are both negative. The sample structure in fact exhibits two left-handed passbands at 23.8 -24.1 GHz and 28.3 -34.9 GHz and the corresponding values of refractive index is negative over these two frequency bands as shown in Figure 3 (c). The wideband negative index produced in second region is most probably due to the gap between horizontal wires, as the separation between these wires increases the negative refraction frequency band is also varies which will be the point of discussion next. To show the tunable characteristic of dual-band negative refractive index material, the proposed unit cell is further simulated at different values of 'a' (the separation between the horizontal wires). The values of a were varied from 0.2 to 1.4 mm. The region of first negative refraction is shown in Figure 4 (a). It is observed that the starting frequency of negative refractive index (SFNI) in first negative refraction region was changed as the value of 'a' increases, as shown in Figure 4 (b). The increase in band width of negative index was also observed as the value of 'a' increases. The separation between the horizontal wires forces the first region of negative refraction to increase the band width whereas the second region band width is going to decrease. The SFNI plots for both the regions indicate that the starting frequency of first region shifted from 25.0 GHz to 21.5 GHz and in second region from 26.7 GHz to 35.4 GHz with the increase in separation between vertical wires. This characteristic shows the tunability of the dual-band negative refractive index of the proposed structure. To understand the nature of the proposed unit cell at the frequency of negative refraction, the surface current and the magnitude of electric field is presented in Figure 5 . The structure has circulating current mainly concentrating on the F-Shape design. 
Conclusion
In this article, a novel metamaterial was constructed and the numerical simulations on the proposed structure were carried out. The simulation results show that the proposed structure exhibits two regions with negative real refractive index, n, values. The tunable character was achieved by varying the separation between the vertical wires of F -shape. At last the surface current and electric field were presented at the frequency of negative refraction to understand the behavior of the proposed structure. Due to good bandwidth, the proposed metamaterial may be useful in the design of multiband or broadband microwave devices.
